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Enzymatic lodination of Protein
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1. The initial rate of I, formation catalyzed by horse-radish peroxidase exhibited a clear
sigmoid relationship with respect to the concentration of I-. These data were found to fit an cqua-
tion based on a model which prediets a sccond-order dependence on todide concentration and are
consistent with a bimolecular reaction between two I~ ions on the surface of the enzyme. Such a
model presumes two sites for the substrate on the enzyme.

2. The initial rate of lysozyme iodination also exhibited a clear sigmoid relationship with
respect to concentration of [, The sigmoidicity increased with the lysozyme concentration. These
experimental data fit a random-ordered sequence of substrate fixation but with one of the two
possible sequences kinetically preferred. These results also suggest that lysozyme interacts with
the enzyme and that there arve two sites for substrate addition on the surface of the enzyme.

3. When the ratio of the concentrations of both substrates, iodide and lysozyme, 1s varied, the
rates of formation of cach product, I, or iodinated protein, also vary; the lower the iodide/protein
ratio, the lower the I, yield and the higher the vate of protein iodination. Studies on the mfluence
of pH on the nature of the product showed that 1, formation is favored at acidie pl and protein
iodination at more alkaline pI. These resulls are also consistent with a two-site model for the
enzyme, both sites being able to fix cither two iodide ions oy one iodide ion and one lysozyme
molecule. The affinity of the sites for cach one of the two substrates differs according to the pii.
This conclusion was confirmed by the observation that iodination of free tyrosine could be obtain-
ed with very good yields provided that the pH of the reaction was adjusted to avoid cither com-
plete dimerization of free tyrosine, which is favored at alkaline pH, or 1, formation which is favor-
ed at low pH.

4. These results and other quantitative data on the stoichiometry of H,0, consumption do not
establish unequivocally which is the oxidized iodide-reacting species, 1+ or 17, However, they
indicate that 1, is not the iodinating species in the protein iodination reaction catalyzed by horse-
radish peroxidase.

Previous studics [1,2] have suggested that the
chemical mechanism of the horse-radish-peroxidase-
catalyzed lodination of protein is of a radical addition
type and that the two radical intermediates. 1° and
the protein radical, ave fixed on the enzyme, presum-
ably in an intermediate complex. The present study
provides additional evidence for two substrate sites,
on the basis of the kinetics of iodide oxidation and I,
formation and of protein iodination. These two sites,
however, are not exclusively speeific for cach of the
two substrates. These data and certain kinetie prop-
crties of the protein-iodination reaction, particalarly

the sigmoid relationship between initial reaction
FErnzymes. Horse-radish peroxidase (C 1.11.1.7); glucose

oxidase (16C 1.1.5.4).

velocity and jodide concentration, have led us to
consider further the question of the order of the
fixation of the two substrate to their respective sites
and the sequence ot the formation of the two radicals.
The kinetics of the protein-iodination reaction have
been found to be consistent with a random-ordered
sequence of substrate fixation and radical formation,
but with one ot the two possible sequences kinetically
preferred. This kinetic model is fTully capable of
explaining the sigmoid nature of the velocity-sub-
strate  concentration relationship.  Furthermore,
studies on the influences of pH on the nature of the
product formed, cither I, or iodinated protein, sup-
port by another experimental approach, the two-site
model.
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MATERIALS AND MISTHODS
Products

Horse-radish peroxidase (RZ = 3) and glucose
oxidase (grade A) were purchased from Boehringer,
lysozyme from Calbiochem, hydrogen peroxide from
Merck. All other products and chemicals were of the
highest purity available from Prolabo. 131 was pur-
chased from the Commissariat & Ulnergie Atomique.

1o Formation from I

Horse-radish peroxidase catalyzes the oxidation
of 1~ to form 1,, which in the presence of excess I+
forms I,~. I,~ formation can be assayed by its absorb-
ance at 353 nm [3]. Oxidation of I~ was followed by
this method in a Cary-15 spectrophotometer. The
experimental conditions of the assays were: 2 pg
glucose oxidase, 8 mM glucose, 10—32.5 nM horse-
radish peroxidase depending on the pH uscd for the
reaction and 0.5 —8 mM KI. The assays were carried
out in a final volume of 1 ml at 23 °C. Under these
conditions the time course of I~ formation was lincar;
the values thus obtained for the initial velocity were
corrected for the cquilibrium constant, Ky, of the
reaction, T 4TI, 1I,7, as follows: o =Ad/min
X [(Kq+c)fc] where ¢==iodide concentration. The
value for K4 was established as 1.35 mM, which i
very similar to that found by others [3,4].

Protein and Free Tyrosine Lodination

The method used for the study of the kinctics of
protein lodination has been previously described {2].
Free tyrosine and monoiodotyrosine iodination was
measured by the same technique.

Determination of the Optimal Hy0, Conceniralion

It is well known that H,0,, when in excess, is
inhibitory [5-—7]. The optimal level of 11,0, varies
with the substrate concentration |5]. On the other
hand, the kineties of I, formation and protein iodina-
tion must be studied with non-limiting amounts of
11,0,. For thesc rcasons, the optimal amount of
11,0, was determined for each iodide concentration
uscd. Separate assays were performed with a fixed,
saturating concentration of glucose but with varying
concentrations of glucose oxidase. The steady-state
level of H,0, thus produced was established for each
I~ concentration. The amount of glucose oxidase
finally chosen for the kinetie studies was one which
was neither inhibitory nor limiting for all the iodide
concentrations used with this glucose oxidase con-
centration. The proportionality between the initial
rate of 1, formation and the peroxidase concentration
was also maintained.

fur. J. Biochein.

Molchiomeiry of 1,0, UGl zdion

ab High Enzynie Capcentration

Some experiments on 1y loemation and protein
iodination were performed under the conditions
deseribed by Roman and Dunford [8]. ilydrogen
peroxide (16 M) was added to a IT-ml cuvette con-
taining peroxidase (4.4 0.M) and iodide (0.25 mH or
10 1 M). The experiment was performed at two pli
levels, 7.24 and 8.4 (0.05 M phosphate bofier). <.
under the conditions used by Roman and Duntord
[8]. 1 formation was mesavred with a Cary- 13 spectro-
photometer, 305 after the addition of Hy0,. To
measure peroxidase iodination. todide was labeled
with 28] and the amount of iodinated enzyme was
determined by the technique 2] used for lysozyme.

RESULTS
Kinelics of lodide Oxidation
and [y Dormation

The rate of the oxidation of T+ to 1, by horse-
radish peroxidase was studied under conditions in
which the reaction was linear with time, and I1,0,
was generated at a rate sufficient to maintain all free
enzyme in the compound I state, assuming, of
course, that the reaction between the peroxidase
and the 1,0, is not rate limiting [6]. Under these
conditions it was [ound that the initial rate of i,
formation exhibited o clear sigmoid relationship
with respeet to the concentration of 1= (Fig. LA}
Curve-fitting by means of the MLAB program for
the PDP-10 computer [9] clearly indicated that the
data in Fig. 1A were fitted far better by a sigmoid
curve deseribed by an cquation of the type

AR
[P b b ]+ A

than by a straight line or a parabolic curve character-
istic of a typical Michaclis-Menten relationship.
This equation predicts that the initial veloeity would
be sceond order with respect to lodide coneentration
at tow concentrations of 1+ and would progress with
increasing lodide concentration through a tirst order
to eventually a zero-order relationship. These kinetics
are consistent with a bimolecular reaction between
two ions of 1= on the surface of the enzyme and
suggest, therefore, the existence of'a ternary complex
of one enzyme molecule with two lodide 1ons (Fig. 2).
This mechanism  contrasts  with an  alternative
mechanism by which one iodide ion at a time is oxi-
dized and released as afree radical with two 17 atons
or one L+ and onc T~ lon In the medimm then forming
I, non-enzymatically. These latter mechanisms wouald
not yield second-order kineties nor o sigmoid rela-
tionship between initial velocity and iodide coneen-
tration; they ave, thercfore, excluded as a major
mechanism of T, formation, ab least under the usual



Vol.33, No.3, 1973

J. Poaaise, L Soxonovr, and J. NUNEz

499

S

aticrbarce

in

e

RS

]

n
rge

Ch

[KI] (mM)

Wig. 1. Tufluence of iodide concentration on the initial rafe of
horse-rad ish-perovidise-catalyzed oxidation of iodide to iodine.
The reaction mixtures in (A) contained 0.05 M phosphate
baffer pH 6.9, 5 m3 glucose, 33 nM g¢lucose oxidase and
25 nM peroxidase. The composition of the reaction mixtures
in (B} were similar, except that the glucose oxidase concen-
tration was 20 nd and the pil of the buffer was 5.3. The

iodide concentrations were varied as indicated in the figures.
The reactions were carried out at 24 °C. Each point represents
the mean of the experimentally determined values in five
experiments. The solid line is the theoretically computed
best fitting curve of all the data to the equation, v = &y [1-]/
(IT-12 + &, [1-] + &y), the form of the equation derived on
the basis of a two-site model. (@) Experimental data and

( ) theoretical fit to two-site model

£+

A=A+
13

Aemfpfls=== [+ AA

Fig.2. Reaction scheme for 2-site model of perovidusc-calalyzed

oxtdalion of iodide to iodine showing ternary cowm plex betweer

1 mole perowidase - 1,0, and 2 moles dodide. Ep represents

peroxidase - H,0, complex (complex 1) and A represents
iodide ion or iodine atom

conditions of our assay. It is possible that under some
cireumstances one or the other is operative since the
degree of sigmoidicity observed in our studies did
vary with the pH. For example, sigmoidicity was
marked at pll 6.9 but considerably reduced at pH
5.3 (Fig. 1 Bj.

Kinelics of Lysozyme Todination

We have previously noted ihat the process of

jodination of a protein, such as lysozyme, exhibits
features consistent with two sites of the enzyme [2].
f'or example, the protein eventually becomes in-
hibitory as its concentration 1s raised, but this
inhibitory cffect s antagonized by increasing the
iodide concentration, There is, however, a maximum
limit ol inhibition by the protein at any given iodide
concentration. The apparent competition between
the two substrates, protein and jodide, without ever
achieving complete inhibition, is consistent with two
separate sites on the enzyme for the substrates.
Furthermore, the kinetic properties of the iodina-
tion reaction arc also consistent with a two-site
model. Measurement of the initial raie s somewhat

complicated by the presence of a time lag, but this
difficulty is essentially eliminated at higher concen-
trations of iodide (Fig.3) although the concentration
must be kept sufficiently low to avoid, as we will show
later, inhibition of the iodination of protein by 1, for-
mation (Ifg.4). The steady-state velocity of the
iodination reaction exhibits a sigmoid relationship
with respeet to iodide concentration which becomes
progressively more accentuated with increasing pro-
tein concentration (¥ig.4). The sigmoidicity cannot
in this case be attributed to a sccond-order bimolec-
ular reaction of the type associated with I, formation
(Fig.1). On the other hand, a model based on the
two-site hiypothesis with the added assumption of a
random order of attachment of the two substrates
(Fig.5) leads to a steady-state equation in terins of
substrate concentrations and rate constant which 1y
fully consistent with the sigmoid relationship. The
following simplified steady-state cquation for the
model was derived by the method of King and
Altman [10]:

14 AB@tbA+cB)

T B F b A e EdAB e AT AT g B B

where V== steady-state velocity of iodination of
protein, A4 = lodikde concentration, I = protein con-
centration, &y to by = rate constants as indicated in
Fig.5 and 4] = a constant equal to k; &y in which Fy
equals the total enzyme content; a, b, ¢, d, e, f, g, k
and ¢ are the following products of the various rate
constants:



500 Kineties of Todine Formation and Protein lTodination

1 T { T 7 T
IKI] (um)
48
24 —
~ 18} ]
o
£
=
3 30
512—- A —
=
-
6l 18 |
12
o L1 ! ! ! }
0 1 2 3 4 5 6 7 8

Incubation time (min)

Fig.3. Time course of peroxidase-catalyzed todination of lyso-
zyme at pll 4.8 and at various concentrations of todide. The
reaction mixtures contained 0.05 M acetate buller pH 4.8,
148 mM lysozyme, 5 mM glucose, 7nm glucose oxidase,
25 nd horse-radish peroxidase and potassium iodide concen-
trations as indicated. The veactions were carried out at 37 °C.
(4) 48 pM KT, ()30 pM KI, (@) 18 pM KT and (O) 12 M K1
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Yig.4. Influences of iodide and lysozyme concentrations on the
tnatial rate of the perovidase-catalyzed todination of lysozyme
at pll 4.8. The contents of the reaction mixtures were the
same as those in Fig.3, except that the peroxidase concen-
tration was 10 nm3 and the lysozyme and iodide concentra-
tions were varied as indicated in the figure. The incubations
were carried out at 37 °C. (O) 0.74 mM, (@) 0.22 mM and
(@) 0.037 mM lysozyme

P . Biochem.

Fig.5. Reaction scheme for perovidase-calalyzed dodination of
tysozyme based on 2-site model aeith random order of substrale
addilion. By represents horse-radish-peroxidase - Hy(), com-
plex: A and B represent jodide and lysozyme, respectively

a == kykgky, + kykgkg

b = ki kyky

¢ = kykgky

d = kghshg -1 legkghy o+ kyky kg

e == kolkyhy -t kol + kikgky 4 kykykg -+ kykgky
f=byhihg & kykeshy

= hglgky - kykyky - Rokgly -1 kokgkg - Eakshy
== ghghg - kyls kg

Cor hegleghg b kgleghey 1 kol kg

<

Tror a constant protein concentration (B), this equa-
tion is simplified further to the form:
x 4% - B A

Tate

It can be seen that if & is sufficiently greater than 3,y
is sutficiently small and ¢ sufficiently lavge, then
VI8 may approach asf?0 with decreasing iodide
concentration, 4. At low jodide concentrations (A4},
therefore, the relationship between Voand 4 would
be second order. As A progressively increases, the
relationship between ¥V and A graduoally changes from
second order to first order, and eventually to zero
order. Because of the B and B?*-containing terms in
the denominator, incorporated parvticularly in o,
the second-order relationship is favored by greater
protein concentrations, B. This is precisely the situa-
tion obscrved with the peroxidase-catalyzed iodina-
tion ol lysozyme, the higher the protein concentra-
tion, 13, the more accentuated the sigmoidicity of the
relationship between Voand iodide concentration. In
Fig.6 is illustrated the experimental relationship
obscrved between the steady-state rate of lysozyme
iodination and the iodide concentration at pH 4.8
and over a low concentration range of iodide, condi-
tions ander which 1, formation is negligible. The
sigmoidicity of the relationship is apparent and curve-
fitting by means of the MLAB program [9] and a
PDP-10 computer confirmed that the sigmoid rela-
tionship was a far better tit to the data over this low
range of iodide concentrations than a straight line.
These experimental results arve, therefore, consistent
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Fig.6. Influcnce of iodide concentration on iniliul rale of the
peroxidase-catalyzed todination of lysozmpme. The incubation
conditions were the same as those in Fig.3, except that the
iodide concentration was varied ag indicated. Each point
represents the mean of the values obtained in six experi-
ments. The solid line represents the theoretically computed
best-fitting curve of all the data to the rate equation derived
from the two-site, random-sequence model for peroxidase-
catalyzed protein iodination (sce text). (@) Experimental
data and (-----) theoretical {it for two-site model

with the model deseribed above. However sigmoidi-
city Is not necessarily a general property ot the model
and its presence is dependent on appropriate relative
values of the individual rate constants. The evalua-
tion of the individual rate constants in the peroxid-
ase-catalyzed lodination of lysozyme or even a
comprehensive analysis of the constraints which are
necessary for siemoidicity to appear have not been
undertaken. The latter has been accomplished by
Ferdinand | 11], who has proposed the same model
as a possible kinetie basis for sigmoidicity under some
conditions. One minimum condition for sigmoidicity
is apparent: although the model is for a bimolecular
reaction with a random sequence of substrate addi-
tion, sigmoidicity appears only when once pathway
to the ternary complex is kinetically preferred.

This mechanism can account for many of the
properties of the peroxidase-catalyzed protein-halo-
genation  reaction. Sigmoidicity  with  respect to
iodide concentration would results if the following
conditions are et (a) the free enzyme has a greater
affinity for the lysozyme than for iodide, (b) the addi-
tion of the jodide to the enzyme is inhibited by the
presence of protein on the enzyme and (¢) the addi-
tion of lysozyme to the enzyme is not serionsly im-
paired by the presence of jodide on the cenzyme.
Low iodide concentrations would then favor the
B EB -~ EAB pathway where B = enzyme, B
coprotein and A = iodide, but increasing iodide
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E + AA

E + AB

Fig. 7. Model for the alternative pathways leading fo either I,

formation or todinated protein, depending on the ratio of the

concentrations of the fodide and protein substrates. B represents

peroxidase + H,0, complex (complex 1); A and B represent
iodide and lysozyme, respectively

concentrations would progressively shift the reaction
to the overall kincetically preferved pathway I — EA
- KAB, thus resnlting in sigmoidicity.

Influence of pH on the Nature
of the Product Formed

If one examines the rate of iodination of lysozyme
as a function of iodide concentration, an inhibition by
higher iodide concentrations is obscrved which
becomes progressively greater with decreasing lyso-
zvme concentration (Iig.4). I, is being produced
when the inhibition by excess I~ of protein iodina-
tion begins to be observed. When the iodide/protein
concenftrations ratio rises, I, formation increases and
protein iodination decrecases. Fig.7 offers a model
which accounts for both reactions, I, formation and
protein jodination.

Further experiments have shown that I, forma-
tion is favored at lower pll. When the reaction is
studied at hicher pH, e.g. pH 6,0, significant inhibi-
tion of lysozyme lodination by excess iodide 18 not
observed over the same range of iodide concentra-
tions up to 1.2 mM (Fig.8). Some I, may be formed
under these conditions and the rate of lysozyme
iodination may, perhaps, level off more sharply than
normally excepted, but the rate of protein jodination
docs not decline. Inhibition by excess iodide, there-
fore, varies with pll. Fig.9 illustrates the influence
of pH on the rate of lysozyme iodination at two
widely different iodide concentrations and a single
concentration of lysozyme. The inhibition by excess
iodide is seen at low pl and when the ratio of protein
to jodide concentration is low. That the inhibition is
associated with T, formation is evidenced by the direct
measurenment of I, formation as a function of pH
both in the absence and presence of lysozyme
(Fig. 10). 14 is the only product of the reaction at pH
ralues up to about 4. Between pll 4 and 6 the halo-
genation of protein becomes progressively favored
and I, formation inhibited. Converscely, inhibition
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Fig.S. Influence of iodide and lysozymme concentrations on the
initial rate of the perovidase-calalyzed iodination of lysozyme
at pil 6.0. The reaction mixtures contained 0.05 M phosphate
buffer pH 6.0, 66 n3 glucose oxidase, (.25 pM horse-radish
peroxidase and various concentrations of lysozyme and K1
as indicated in the figure. Incubations were carried out at
37 ¢, (@) 0.037 md, (O) 0.22mM, (@) 0.74 mM and (4)
1.87 mM lysozyme
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Fia.9. Influcnce of pIl on tnitial rale of perovidase-catalyzed

todination of lysozyme. The reaction conditions were the same

as those in Fig.4, except that the concentration of lysozyme

was 0.375 mM and the pH and K1 concentration were varied
as indicated: (O) 0.6 mM K1 and (@) 0.03 mM K1

of the protein iodination reaction at pH 6—6.5 by
excess I is very slight and much less significant
than at more acidie pll.

These results suggest that the affinity of the sites
on the enzymne for iodide is greater at more acidic pIl;
at more neutral pH one of the sites retains its affinity

Lur.J. Biochen.

® 000

Fig. 10, Influence of pII on the lysozyme inhibition of the per-
oxidase-catalyzed oxidation of I~ to I,. 1, formation was

ax

determined by measurement of absorbance at 353 nm (sce
Mecthods). The rates represent. initial velocitics. The reaction
conditions were similar to those described in Fig.4, except
that the KT concentration was 1.2 mM, the lysozyme con-
centration, when present, was 0.75 mM, the horse-radish
peroxidase concentration was 25 nM, and the buffer was
.05 M citrate varying in pH as indicated. Jncubation
temperature was 24 °C. The percentage inhibition by lyso-
zyme (M————#) was caleulated on the basis of the difference
in the initial rates of 1, formation in the presence (O—~0)
and absence (@- ~—@) of lysozyme in the reaction mixture,
measured by change in absorbance per min

for iodide while in the other site, affinity for iodide
cdeereases as the affinity for the protein, presumably
a tyrosine residue in the protein chain, rises. It might
be expected then that at more alkaline pil, the forma-
tion of tyrosine dimers from frec tyrosine might be
favored, both sites on the enzyme exhibiting a much
higher affinity for tyrosine than for iodide. Indeed
such is the casc (Fig.11). The model proposed in
Ifie. 7 may therefore be extended (g, 12).

Some QGuantitative Data
on the Nature of the Product Formed
when the Relative Concentrations of 1
and Enzyme Are Varied

Ronman and Dunford {8] have titrated complex
with T— uxing a spectrophotometric technique. Com-
plex T was prepared at pll 8.4 using 2.7 pM peroxid-
ase and 2.2--8.8 uM H,0,. They assamed that under
these conditions all the H,0, present in complex 1
was used to oxidize 1, Z.e. that no enzyme iodina-
tion oceurred. This assumption was based on results
obtained by measoring the stoichiometry of the
reaction:

1,0, - 21 4 2 HY Peroxidase —- 1, 2 H,0
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Fig. 11, Influence of pil on the vates of cach of the followiny
reactions cutalyzed by horse-vadish peroxidase: (a) fodinalion
of lysozyme (B B) (0) wwdide oxidalion and 1, formation
(C--——0), (¢) todination of free tyrosine (@ -®) and
() Tyrosine oxidalion and dimerization (A———n). In all
cases the reaction mixtures contained in a final volume of
Loml: 5md glucose, 66 M gluecose oxidase and 0.05 M
sodium acetate or phosphate buffer varying in pH as indicat-
ed. In addition, the specific conditions in the assay of each
of the reactions were as follows: (a) 0.375 mM lysozyme
0.6 m3L K1, 0.5 uM horse-radish peroxidase and an incubation
temperature of 37 °C; (b) 1.2 mM KI, 0.05 uM peroxidase
and incubation temperature of 24 °C; (¢) 0.11 mM tyrosine,
0.93 mM KT, 0.025 uM peroxidase and incubation temperature
of 37°(; (d) 0.27mM tyrosine, 0.05 uM peroxidase and
incubation temperature of 37 °C. The assay of free tyrosine
oxidation and dimerization was subject to some imprecision
because of the relative insolubility of the product

L& + AA )]
e
7
o
:,{:b\ =+ AR [¢3]
Pl
s =0 ¢ LB 2]

Vig. {2, eneral model for the perovidase-catalyzed formation

of 1,. tudinated protein or tyresine dimer. Pathway (1) is

favored at acidie pH, pathway (3) at alkaline pH and path-

way (2) at intermediate pH. A represents lodide, B represents

protein or free tyrosine and lp represents peroxidase - H,0,
complex (complex 1)

This stoichiometry was verified at a lower pH (7.4)
and with different concentrations of peroxidase
(L6 ud) and iedide (16 mM). IFrom our results
presented above we suspeeted that sinee the ratio
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3

‘Table 1. Relationship between H,0, utilization and I, forma-
tion or protein todination at high enzyme concentration
The horse-radish-peroxide-catalysed oxidation of I~ to I,
and the self iodination of the peroxidase were compared at
pH 7.24 and 8.4. The huffer was 0.05 M phosphate. The
other components of the reaction mixtures are indicated in
the Table. The results ave expressed as the percentage H,0,
used in 30 s either to produce I, or to iodinate the enzyme

Concentration of ), used for

pIl - L

i - Peroxidase

150, Peroxidase 1 formation iodination
WM miM mM o %0
7.24 10 0.0044 10 109 0
7.24 10 0.0027 0.25 15 20 15
sS4 10 44.00 10 80 —
St 10 0.27 0.25 0 12

of 1-/peroxidase concentrations was 25-fold lower
in the titration experiment, some iodination of the
enzyme could oceur. Table 1 shows that this is indeed
the case. The titration experiment performed by
Roman and Dunford {8] was, therefore, not suitable
to measure the stoichiometry between H,0, utiliza-
tion and I, formation. These cxperiments confirm
that the naturc of the product depends greatly on
the relative concentrations of the iodide and enzyme.
When present at high concentration, the enzyme
behaves as a protein substrate.

Free Tyrosine Todination

Horse-radish peroxidase is reputed to be unable
to iodinate free tyrosine [12]. The results deseribed
ahove could explain why this reaction might not be
obtained at pH values near neutrality, where the
aftinity for the phenolic acid favors tyrosine-tyrosine
formation, or in very acidic media, where I, forma-
tion oceurs most readily. Under proper conditions
at an acid pH low enough to prevent significant
tyrosine-tyrosine formation, it has been possible to
obtain peroxidasc-catalyzed iodination of free tyro-
sine  (Fig.13). Both monoiodotyrosine and small
amounts of diiodotyresine are obtained. Anadditional
iodinated product remains at the origin on paper
chromatographic analysis, probably, the dimer of
monoiodotyrosine. With inereasing pH, tyrosine
dimer formation is increased which reduces the rate
of halogenation of the free tvrosine. The pH optimum
for iodination of the free amino acid is, thercfore,
lower than that for the iodination of the same
species of amino acid contained within lysozyme.
This discrepancy probably reflects the inercased
competition for tyrosine dimer formation which
occurs with increasing pH in the case of the free
amine acid; this reaction is unlikely {o occur with
the protein because of the improbability of two
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Fig. 13, Time course of peroxidase-catalyzed iodination of free
tyrosine. The products were determined by paper chro-
matographic scparation (solvent: ethanol- 0.2 M ammonium
carbonate, 2:1, v/v) and assay of %] radioactivity in an
Autogamma seintillation spectrometer. The reaction mixture
contained 1 mM glucose, 0.066 pM glucose oxidase, 0.11 mM
tyrosine, 0.05M sodium acetate bufter pH 4.8, 0.25 M
horse-radish peroxidase and 0.93 mM K1 containing 2 pCi
125]~ in a final volume of 1.0 ml. Incubation temperature was
37 °C. (O) Total organic iodide, (B) monoiodotyrosine, (A)
origin material and (e) diiodotyrosine

molecules of receptor protein being situated on the
enzyme at the same time. Ilowever tyrosine-tyrosine
bridges have been shown to oceur in some proteins
[13,14].

Analogous results are obtained when monoiodo-
tyrosine is the substrate. The product is diiodotyro-
sine, and the optimum pll is identical to that for
the monoiodotyrosine formation. The obscrvation
that free tyrosine can be iodinated by peroxidase
with proper conditions of pll is consistent with the
two-site hypothesis and with the conclusion that the
nature of the product can be modificd by changing
the relative affinity of each one of these two sites
for its substrates.

DISCUSSION

Several mechanisms are theoretically capable of
explaining the formation of I, from I, catalyzed by
horse-radish peroxidase. Two would predict first-
order kineties with respect to iodide concentration.

Model (1): By - 21- S B 4 21° 21° S5 1,

Model 2): By + I- S E + It I+ 4+ 151,
The peroxidase - 11,0, complex, Ep (complex 1),
contains two equivalents of oxidation. It can, there-

fore, remove one clectron from cach of two molecules
of substrate (1-), I° being produced (Model [1]);
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two 17 atoms are released in the medium where they
dimerize to 1, According to Model (2), ¢ removes
two electrons from a single T - molecule, producing
free Tt which leads to 1, by dismutation with [~
present in excess in the medium. According to these
two mechanisms, 1, is formed from cither §° or T+,
previously released into the medium. These two
mechanisms would not lead to second-order kineties.
Models (3) and (4) are, however, consistent with a
bimolecular reaction between one mole of enzyme
and two moles of substrate, the product being
released only after dimerization or dismutation of the
oxidized species on the surface of the enzyme.

Model (3): Ey - 217 55 B (21) & 10 (L) -
Model (4): B - 21" S B (L) (I )

In our experiments with the peroxidase, the
experimental results at plL 6.9 fit a second-order
reaction; however, at more acidie pll, the degree of
sigmoidicity is reduced suggesting that the reaction
could also be partly first order. Recently, Maguire
and Dunford [15] have found with lactoperoxidase
both a first-order and a second-order dependence on
the concentration of iodide ion.

The choice between Models (3) and (4) (L.e. which
is the oxidized species, 11 ov 1) appears to be much
more difficult. Data obtained with myelo- and thyroid
peroxidase by Yip and Hadley [16] and with horse-
radish peroxidase by Nunez and Pommier |1,3] and
Bjorkstein [17], suggest indirectly that 17 is actually
produced. However. Roman and Dunford [8] con-
cluded on the basis of the results of spectrophoto-
metric titration of the peroxidase complex 1 with I-
that one mole of complex I (1 mole H,0,/mole per-
oxidase) oxidizes only one mole iodide. Thig result
would be consistent with the equation,

Peroxidase < 11,0, 1 1=~ Peroxidase - I+

the It not necessarily being released into the medium.
This conclusion would be valid if no iodination of
the enzyme oceurred. Using the experimental condi-
tions of Dunford [8], we have found evidence of
iodination of the peroxidase. Moreover, we have
verified that at the pll used by these authors no 1,
is produeced. Roman and Dunford [8] believed that
they excluded 1odination of peroxidase by establish-
ing the stoichiometry of the reaction,

1,0, |- 20 - 20 2Eese oy 9 HL0,

The conditions used for the titration and stoichio-
metry experiments were veiry different, however,
since the pIl was higher in the titration experiment
as well as the enzyme/iodide ratio (25 times higher).
The conclusions of the titration experiment devised
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by Roman and Dunford [8] are, therefore, not valid
beecause at high concentration, horse-radish per-
oxidase behaves not only as an enzyme but also as a
protein substrate.

Moreover, our results show that: (a) the higher
the plI the higher the yield of protein iodination and
the lower the I, formation and (b) the lower the io-
dide/protein acceptor ratio, the lower the I, vield.

In other words, the proportions of the two prod-
ucts, Ty and iodinated protein, depend greatly on the
relative coneentrations of the two substrates.

It scems, therefore, very difficult to chose on
the basis of kinetic and  titration  experiments
between Models (3) and (1), The only point which
seems elearly established is that the reaction of 1,
formation is at least party second order with respect
to iodide concentration, suegesting again [2] the
presence of two sites for the substrate at the surface
of the peroxidase. Our kinetie studies on protein
iodination catalyzed by the perexidase agree with
this conclusion.

According to this model one site binds the iodide
and the sccond one the protein. 1t is, thevetore, very
likely that the protein (d.e. its tyrosine residues) is a
substrate in the reaction being oxidized by peroxidase
according to Model (5):

Model (5): Er -+ I~ - Tyr-Protein
e
NI Y - 1 1+ Protein-I,
“Tyro-Protein

However, as in the ease of L, formation, Model (6)
cannot be excluded:

Model (6): Er -- T~ - Tye-Protein
A

—
NN DY
Myre-Protein

-~ 1+ Protein-1.

1t is diftieudt to establish a divect proof that the
tyrosine residues are oxidized during the protein
iodination reaction. That free tyrosine or protein
tyrosine are  good  substrates for peroxidase s,
however, strongly sugeested by various data. Gross
and Sizer 18] showed many years ago that the ultra-
violet speetrum of different proteins is modified in
the 280-nm region after incubation with peroxidase
and that their enzymatic activity is suppressed.
They showed also that oxidation of free tyrosine by
peroxidase yields radicals of this amino acid which
polymerize in selution. Nuncz and Pommier {2] have
also obtained data suggesting that tyrosine residuces
of the protein substrate arve oxidized: for instance,
the protein is a competitive inhibitor of guaiacol
oxidation efe. 1t is therefore likely that tyrosine
residues are oxidized to radicals by peroxidase.
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However, it is very difficult to devise uncquivocal
experiments to prove this directly when the protein
or free tyrosine are involved in the lodination reac-
tion. Therefore, the minimal conclusions from this
work arc that the protein interacts with the enzyme
and can compete with iodide; this interaction is pli
dependent; the formation of the various products
of the reaction (I,, iodinated protein, free iodotyro-
sine, tyrosine dimer) is favored differently at differ-
ent pH (Fig.13). These observations are consistent
with two sites for substrate binding on the peroxidase
molecule. Morcover, these sites must be relatively
non-gpecific and able to bind cither two molecules of
the same substrate or two different ones.

Another likely conclusion is that I, cannot be
the fodinating species and Models {7) or (8) cannot
apply.

Model (7): By - 2155 B - T,

and I, + Tyr — Monoiodotyrosine

Model (8): BEp 1SS E + 11

It == Iand I, -+ Tyr  Monoiodotyrosine
As we | 2] Tor horse-radish peroxidase and Taurog [19)]
{or thyroid peroxidase have already pointed out, the
protein iodination reaction is always inhibited when
formation of 1, is observed. Morecover, the pIH opti-
mum for the protein iodination reaction catalyzed
by peroxidase is equal to 4.8. At this pH the yield of
iodination of tyrosine by I, is very low since it
depends [20] on alkaline catalysis both of phenoxide
formation and of deprotonation in the 3’ (or 5)
position(s). For these reasons Models (7) and (R)
appear unlikely.

The authors wish to express their gratitude to Mme de
Prailauné for her excellent technical assistance and to Dr
Clifford Patlack of the Theoretical Statistics and Mathe-
matics Branch, National Institute of Mental Health, for his
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